Induction machines (IM) with multiple sets of three-phase windings are a real alternative in safetycritical applications due to their inherent redundancy and extra number of freedom degrees. These properties can be used to develop a fault-tolerant system without extra hardware. The fault detection is mandatory in the creation of a fault tolerant system. Since, the fault localization allows to adapt the control scheme of this anomalous mode of operation. Nowadays, open-phase faults (OPFs) and six-phase IMs are hot topics in the literature of fault-tolerant drives. Thus, this paper presents an open-phase fault detection method for a six-phase IM drive. The detection method is based on the vector space decomposition (VSD), taking the components of the secondary orthogonal subspace to localize the open-phase fault. The goodness of the proposed method is validated with simulation results.
Introduction
Multiphase machines and drives have different advantages over standard three-phase machines [1] [2] [3] . Some of these advantages are: a certain degree of fault tolerance, a better distribution of power or a lower torque ripple. However, the most convincing one for the industry is the capability to provide fault tolerance with no extra hardware. This feature is especially valuable in safety-critical applications such as aerospace or naval drives [4] [5] [6] [7] [8] [9] [10] [11] [12] . In such cases, the inherent redundancy provided by multiphase systems allows the fault tolerant operation of the drive. However, the implemented control system must be able to manage the occurrence of the fault to provide a smooth post-fault operation.
The fault management in a drive can be classified in three stages: fault detection FD [13] [14] [15] [16] [17] , fault isolation FI [18] [19] and implementation of a fault tolerant control (FTC) [20] [21] [22] [23] [24] [25] . The implementation of these three stages in the system is necessary to ensure a suitable operation and to protect the system in post-fault situation. The recent studies have been focused mainly in the development of FD methods and FTC strategies. Since, the fault detection is usually combined with a post-fault control [14, 17] . For this reason, the requirements of an ideal detection method are the following: R1. A short detection time. R2 . Capability to localize the fault. R3. Use of non-invasive techniques and avoid additional hardware. R4. Avoid complex approaches with an elevated computational cost. R5. Be independent of the machine parameter, control strategy and operation condition.
Even though there are some FD methods in the multiphase drives literature, none of these methods comply with the aforementioned conditions [13] . [14] proposes a detection method of dissymmetry in the stator resistance for a seven-phase IM. However, this method is dependent on the control strategy (R5 is not satisfied). R3 requirement is violated in [15] [16] , where additional voltage measurements are necessary to detect inter-turn short circuit. An observer-based fault detection method is presented in [17] together with a fault-tolerant finite control. This developed observer has an important computational cost and it is dependent on the machine parameters. Consequently, the R4 and R5 requirements are not complied with this method.
complies with the aforementioned conditions. Thus, this paper presents an open-phase localization method based on the VSD approach for a six-phase IM. The developed method uses the extra freedom degrees of multiphase machines to detect the faulty phase. These new freedom degrees are obtained due to the existence of extra orthogonal subspaces (x-y components in a six-phase IM). These components have the following advantages to be used as fault indices (in distributed-winding machines):
-The x-y components are constant (null) in healthy operation. -The x-y components are not related to the torque and flux production. Therefore, these components are independent of the drive dynamics in pre situation. This is an important requirement in the development of a detection method (R5 requirement).
The paper has been structured in the following form. Section 2 describes the topology of the studied system, the six-phase IM model, the effect of an open-phase fault and the control scheme implemented in this work. In Section 3 the proposed open-phase fault detection method is introduced. The goodness of this method is validated with simulation results in Section 4. Finally, Section 5 contains the main conclusions obtained in this paper.
Generalities of Six-Phase Induction Motor Drives in OPF Operation

A. Topology description
The implementation of a fault localization method must be generally combined with the utilization of a highperformance post-fault control. Therefore, it is essential that the used topology has a certain degree of fault tolerance. For this reason, the topology shown in Fig. 1 , whose post-fault operation under open-phase faults has been already validated [20] , has been selected in this work. This topology is formed by an asymmetrical six-phase IM fed by two voltage source converters (VSCs) that are connected to a single dc-link. The induction machine has two sets of three-phase windings (a1b1c1 and a2b2c2) that are spatially shifted 30° and whose neutral points are isolated. Each set of three-phase windings is connected to one three-phase VSC, as it shown in Fig. 1 . 
B. Model of the six-phase induction machine
Multiphase machine models consist of a set of differential equations. Although these equations are traditionally expressed in phase variables, they can be also expressed in different reference frames. From the point of view of the control, it is convenient to follow the VSD approach in order to control the flux and torque in a decoupled form. Firstly, the power-invariant generalized Clarke transformation is employed to express the multiphase machine model in the αβxy reference frame:
If the machine has distributed windings, only the αβ components will contribute to the flux and torque production. Conversely, the xy components will only produce losses. Moreover, if the machine is configured with two isolated neutrals, the 0+0-currents will not flow and consequently these components can be neglected. Assuming standard assumptions, the model of the asymmetrical dual three-phase induction machine in VSD variables is obtained as follows:
 and ωr is the rotor electrical speed ( Finally, to express the machine model in the dqx'y' reference frame, where d and q regulate the flux and torque production, respectively, the Park transformation is employed: 
C. Open-phase fault in six-phase induction motor drives
The open-phase fault can be produced in different topology components. Regarding of the damaged element when an open-phase occurs, the model described in (2) can still be used. However, in the selected topology, this type of fault implies the loss of one degree of freedom. Consequently, the VSD variables are no longer independent. The new relation between the different VSD currents will be function of the phase under fault. For example, assuming without lack of generality that the fault occurs in the phase a1 (see Fig. 1 ), the following post-fault constrain appears from (1):
However in this fault situation, there is still one extra freedom degree (the y-current). Its reference value can be established according to a minimum loss or minimum derating criterion [25] . For this reason, the control scheme must be modified to this post-fault situation. The necessary variations in the control scheme will depend on the selected control scheme.
D. Control scheme
The model predictive control MPC of [24] is employed in this work to regulate the multiphase drive (Fig. 2) . The control schemes based in MPC allow the easy addition of constraints to the cost function. This MPC property matches with the post-fault situation previously described.
The employed control scheme has an outer speed loop that provides the q-current reference. The d-current reference is usually a constant value related with the rated flux. These reference currents are transformed into the αβ subspace with the inverse of Park transformation. The predictive model in Fig. 2 has three inputs: αβxy currents, measured speed and possible voltage vectors. The αβxy currents are obtained from the measured phase currents and the transformation matrix T. The predictive model outputs are the predicted αβxy currents. These currents are compared with the αβxy current references in the cost function. Finally, the optimal stator voltage is selected from the available voltage vectors and applied to the system.
The fault detection method interacts with the control method as follows: i) fault localization (B1 in the Fig. 2) and ii) selection of the xy reference currents as a function of the fault (B2 in the Fig. 2 ). This paper focuses only in the localization of the open-phase fault (B1). Therefore, the selection of the xy currents reference is out of the scope of this work. In the next section, the developed fault detection method is introduced. 
Description of the proposed FD method
The proposed OPF detection and identification method is based on the study of the VSD variables, in order to overcome some disadvantages found in some of the literature methods. The objective of this section is to describe the different stages of the proposed method previously defined in the block B1 of Fig. 2 .
A. Definition of the locators
From the inverse of the Clarke matrix defined in (1), it is possible to find a mathematic relation between phase currents and the αβxy currents of orthogonal subspaces. Adding to these equations the restriction imposed by the OPF (iphase=0), the open-phase fault equations can be defined as:
After that, the fault locators are defined by dividing the ixs variable, or iys in case the other one does not appear, by the other side of the equalities defined in equations (5) . As a result, the ratio of the locators is determined as: However, if an OPF occurs, the locator of that phase will have a unit value. The rest of the locators will still have a nearly null value.
B. Definition of the dead-band
Taking advantage of this behavior it is possible to introduce a dead-band to filter the response of the locators.
This has to be done as the locators sometimes achieve high values when their sine waves cross zero. The definition of the dead-band is the following:
op else ( 7) where  is the width of the dead-band. This value has been chosen in accordance to the simulated results as 0.1.
C. Integration along Tm.
After that, in order to know if an OPF has occurred, the curve of the opn db locators is integrated using a moving average defined as:   ( 8) where Tm is the period used to integrate the moving average. This parameter does not need to have be the fundamental period Ts. In fact, it can be chosen as a fraction of it in order to accelerate the OPF detection. It has to be taken into account that the lower this parameter is the higher ripple it has, but the faster detection it provides. Thus, a balance between these two characteristics will be found to choose an adequate value for Tm.
D. Definition of the threshold
Once the locators are defined (FLn) a proper threshold must be chosen to detect the OPF. To achieve that, an equation has been developed considering the value of the six locators. The threshold thr is defined as follows:
hp fp FL FL thr    1 . 0 ( 9) where FLfp is the maximum value of the faulty phase during the whole test and FLhp is the highest value among the rest of the healthy phases. The 0.1 constant has been chosen looking for a fast detection and, at the same time, a reasonable margin between the threshold and the healthy phase with the highest value.
With the purpose of selecting a valid threshold, an openphase fault has been simulated for every phase. In doing so, six different values for thr have been obtained (thra1, thrb1, thrc1, thra2, thrb2, thrc2). Thus, for the thr parameter, the highest value of all of them has been chosen so the system is able to detect an OPF in any of the six phases.
To summarize, the basic steps of the proposed method are: A) define the locators, B) use a dead-band to filter the response, C) integrate its value over Tm and D) define the threshold. As it can be seen, the procedure involves some simple mathematic operations that allow the identification of the faulty phase within milliseconds and with low computational requirements.
Simulation results
The objective of this section is to validate the goodness of the proposed method through simulation results. For this reason, the topology of Fig. 1 , the control scheme of This procedure is used to study two different situations. The first one is the OPF of the a1 phase and the second one is the OPF of the b2 phase. These two cases were chosen because, looking at (6) , it is noticed that in the first case the only involved variable is iαs, while in the second case iαs is implicated as well as iβs, ixs and iys.
The response of the system for the a1 OPF is shown in Fig. 3 . The value of the phase currents can also be seen in this figure, where since t=0.6s, ia1=0. The detection time is also displayed. In order to obtain this value, a threshold was defined previously as in (9) . The value chosen for thr is the most restrictive one, as it was stated before, namely thr=0.14. And hence, the time detection in this case is around 3.5ms that corresponds approximately with the Fig. 3 , it can be seen that for all the healthy phases the locators have a close to zero value, as it was predicted in section 3.
In the case of b2 OPF the response of the system, in Fig. 4 , is as good as in the previous case. In this situation, the phase current acquiring a null value is b2 and the detection time is around 4ms In this figure it can also be seen that the indicators referred to the healthy phases maintain a value close to zero once the OPF has occurred.
B. Transient test.
This test has been run under two circumstances. The first one considers a variation of the load torque and the second one a variation of the id * -current. These two cases have been chosen in order to prove that the xy components are independent of the flux and torque. In other words, the objective is to verify that the FD method is not sensitive to dynamic and flux variations. The methodology applied in Simulink to implement both conditions consists in a step block, as it implies a higher dynamic change.
The first situation considers the system response to the torque variation, shown in Fig. 5 . The load torque value decreases from 8Nm to 0.8Nm at t=0.6s. The locators stay constant and do not overpass thr in any case. Thus, the method developed in this paper is robust to transient dynamic tests. In Fig. 5 , it can also be seen the phase currents, where the amplitude of the currents change significantly.
The second case considered is the variation of the reference id * -current, shown in Fig. 6 . In this case, id * decreases from 1.4A to 0.8A. These values were chosen because of the same reason as in the torque variation. This id * can be seen in Fig. 6 as well as the phase currents. In this case, the phase currents also change their values diminishing their amplitude, due to the change of the reference current. Although the id * change, the locators do not vary their values. This means that the method developed is also robust to transient flux tests. In other words, the indicators do not give a false alarm in transient conditions.
In Figs. 5 and 6 it happens as defined in section 3.A. As an OPF has not occurred, the locators referred to all the phases have a null value during the whole test. Moreover, it has been proven the robustness of the method.
Conclusions
This work proposes a fast, robust and simple OPF detection method for six-phase IM with distributedwinding. The developed method is based on the VSD approach, specifically on the xy-currents. The method allows the OPF localization in a small fraction of the fundamental period. Moreover, the method is robust, since it is not sensitive to variations in the flux or torque. The use of variables involved in the control scheme avoids the need of extra hardware or complex observers. Therefore, the developed method complies with the fault detection method requirements. 
